Background: A knowledge of energy expenditure in infancy is required for the estimation of recommended daily amounts of food energy, for designing artificial infant feeds, and as a reference standard for studies of energy metabolism in disease states. Objectives: The objectives of this study were to construct centile reference charts for total energy expenditure (TEE) in infants across the first year of life. Methods: Repeated measures of TEE using the doubly labeled water technique were made in 162 infants at 1.5, 3, 6, 9 and 12 months. In total, 322 TEE measurements were obtained. The LMS method with maximum penalized likelihood was used to construct the centile reference charts. Centiles were constructed for TEE expressed as MJ/day and also expressed relative to body weight (BW) and fat-free mass (FFM). Results: TEE increased with age and was 1.40,1.86, 2.64, 3.07 and 3.65 MJ/day at 1.5, 3, 6, 9 and 12 months, respectively. The standard deviations were 0.43, 0.47, 0.52,0.66 and 0.88, respectively. TEE in MJ/kg increased from 0.29 to 0.36 and in MJ/day/ kg FFM from 0.36 to 0.48. Conclusions: We have presented centile reference charts for TEE expressed as MJ/day and expressed relative to BW and FFM in infants across the first year of life. There was a wide variation or biological scatter in TEE values seen at all ages. We suggest that these centile charts may be used to assess and possibly quantify abnormal energy metabolism in disease states in infants.
Introduction
A knowledge of total energy expenditure (TEE) is of major biological and clinical importance during infancy. This information is required for the estimation of recommended daily amounts of food energy, for designing artificial infant feeds, and as a reference standard for studies of energy metabolism in disease states. During infancy, because of rapid growth and changes in body composition, energy expenditure changes dramatically with, on average, the daily TEE of a 1 y-old being approximately three times that of a 1-month-old infant.
Centile reference charts are used widely in pediatrics for measurements that change over time, notably measures of weight and height. An individual patient's values can then be observed in the context of the population values. The chart will show whether the patient's value is atypical, potentially implying a pathological condition, or if measurements cross centile lines with time, implying a possible change in clinical status. In a review of approximately 300 TEE measurements from seven studies in healthy infants across the first year of life, it has been shown that a large range of energy expenditures can be seen at any one age group and a coefficient of variation as high as 28% was seen (Davies, 1998) . This wide range seen in healthy individuals makes clinical assessment or research comparisons between disease states and the healthy state difficult and prone to potential error. A centile chart and a z-score reference for TEE in infancy would therefore facilitate comparisons and be of value to clinicians, dietitians and biologists. Davies et al (1989) measured TEE in a cohort of 41 healthy British infants studied from 6 weeks to 6 months. They then constructed centile charts using the LMS method of Cole (1990) . This method summarizes the changing distribution with age according to three curves representing the median (M), the coefficient of variation (S) and skewness expressed as a BoxCox power (L). One limitation of the LMS method of Cole used in that study was that the data were grouped according to age and interpolation between age groups was required.
We have combined TEE data from three studies carried out in the UK and one in Australia involving a total of 162 infants with 322 measurements followed from 1 month to 1 y to derive centile charts and z-scores to be used as a reference for TEE across the first year of life. In this study, we have used the LMS method with the maximum penalized likelihood of Cole and Green (1992) . The use of the maximum penalized likelihood approach allows us to provide smooth estimates of the L, M and S curves directly, removing the need to group data, sometimes arbitrarily, as in the original LMS methodology.
Subjects and methods
Study design and subjects TEE data from three studies carried out in the UK (Wells & Davies, 1998) and one contemporary study in Australia were combined. All infants were healthy full-term babies and were recruited at birth from the local maternity hospital. By study design all infants were either exclusively breast-fed or exclusively formula-fed for the first 3 months, and thereafter feeding and introduction of solid foods was at the discretion of the mother. Informed written consent was given by the mother of each infant. Ethical approval was obtained from the relevant ethical bodies for each study.
Anthropometry and body composition
At each measurement occasion, prior to a feed, the infants were weighed naked on an electronic scale to the nearest 20 g and crown to heel length was measured on a recumbent infant board to the last completed millimeter. Fat-free mass (FFM) in kg was calculated from the total body water obtained from 18 O dilution in the doubly labeled water technique and the appropriate hydration constant from the Fomon standards (Fomon et al, 1982) . Fat mass (FM) in kg was calculated as body weight (BW) minus FFM.
Total energy expenditure Repeated measurements of TEE over 7 days were made on a variable number of occasions for each infant starting at 4-6 weeks and extending through to 12 months. TEE was measured using the doubly labeled water technique, which has been validated in infants (Roberts et al, 1986; Jones et al, 1987) . The method has been described in detail elsewhere (Davies et al, 1989 
Statistical analysis
All results are presented as mean (s.d.). Student's t-tests were used to assess any gender differences. A Po0.05 was considered to be statistically significant. The data at each time point were tested for normality using the Pearson's coefficient of skewness.
Centile curves were obtained using Cole and Green's LMS computer program (Copyright r 1998, Institute of Child Health) (Cole & Green, 1992) . Reference centile curves show the distribution of a measurement as it changes according to some covariate, often age. As described by Cole and Green, the LMS method summarizes the changing distribution by three curves representing the median (M), coefficient of variation (S) and skewness (L), the latter expressed as a BoxCox power. Using the maximum penalized likelihood, the three curves are fitted as cubic splines by nonlinear regression, and the extent of smoothing required is expressed in terms of smoothing parameters of equivalent degrees of freedom (Cole & Green, 1992) . The fitting process ensures that the values of L, M and S change smoothly with age so that they can be represented as smooth curves plotted against age. In this case, the data followed a Gaussian distribution and so the Box-Cox power transformation L was set at 1 indicating zero skewness.
The L, M and S values then provide the required centiles using the formula
In the case presented in this paper, when L ¼ 1 the formula simplifies to
where C 100a (t) is the centile curve plotted against age t, z a is the normal equivalent deviate for the centile (eg when a ¼ 0.97 corresponding to the 97th centile, z a ¼ 1.88), and L(t), M(t), and S(t) are the fitted smooth curves plotted against age.
The LMS method also allows data to be converted directly to s.d. scores, using the formula S:D:score ¼ ½Measurement=MðtÞ LðtÞ À 1
SðtÞLðtÞ
And again in the case presented in this paper, when L ¼ 1 the formula simplifies to
where measurement is the individual's measurement of TEE, and L(t), M(t), and S(t) are values read from the smooth curves for the individual's age (Cole & Green, 1992) . Centile curves were constructed for TEE as MJ/day and expressed relative to BW (MJ/day/kg) and FFM (MJ/day/kg FFM). Curves for the 3rd, 10th, 25th, 50th, 75th, 90th and 97th centiles were generated.
To test the model for goodness of fit, the data were converted to s.d. scores and the proportions falling below s.d. scores of À1.88, 0 and 1.88 corresponding to the 3rd, 50th, and 97th centiles, respectively, were calculated. The observed numbers falling below the centiles were then compared with the expected number to produce a w 2 statistic with one degree of freedom.
Results

Subjects
The cohort consisted of a total of 162 infants who had 322 TEE measurements. This comprised 72, 111, 64, 41 and 34 measurements at 1.5, 3, 6, 9, and 12 months, respectively. In total, 25 infants had a measurement at four time points, 27 at three, 27 at two, and 86 at one time point. The sample consisted of 49% males at 1.5, 3 and 6 months, 39% at 9 months, and 65% at 12 months.
Anthropometry and body composition Anthropometric and body composition measurements for each age group are summarized in Table 1 . All parameters increased with age. Although all parameters tended to be higher in males than in females, statistical significance was only attained for weight and for FFM in kg for all age groups and for FM as % BW at 3 months. O, respectively and TEE expressed as MJ/day, MJ/day/kg and MJ/day/kg FFM are summarized in Table 2 . The isotope dilution spaces increased with age, while the rate constants decreased as would be expected. TEE in MJ/day, MJ/day/kg and MJ/day/kg FFM all increased with age. There was a sex difference seen in TEE in MJ/day at 9 and 12 months only. There was no sex difference seen at any time point when TEE was expressed relative to BW or FFM. As no overall sex difference was seen, all analyses were then carried (7) 24 (6) 26 (7) 25 (9) 24 (7) a Fat mass as a percentage of body weight.
out on the group data. Scatter plots of TEE in MJ/day, MJ/ day/kg and MJ/day/kg FFM against age show a wide range at any time point and are shown in Figures 1, 2 and 3 , respectively. The data were found to be normally distributed at each time point.
Centiles
Centile reference curves (3rd, 10th, 25th, 50th, 75th, 90th and 97th) were generated using the LMS program of Cole and Green (1992) for TEE expressed as MJ/day, and expressed relative to BW and FFM. These are shown in Figures 4, 5, and 6 respectively. The increase in TEE with age from 1 to 12 months is curvilinear, with TEE at the 50th percentile increasing from 1.29 MJ/day at 31 days to 3.83 MJ/day at 422 days. The coefficient of variation is 26.9% at 31 days and decreases to 20.3% at 422 days. The distance between the 3rd and 97th percentiles increases with increasing age going from 1.31 MJ/day at 31 days to 2.92 MJ/day at 422 days. TEE expressed relative to BW and FFM also increase with age and shows a curvilinear relationship with increasing age. TEE in MJ/day/kg at the 50th percentile increases from 0.29 MJ/day/kg at 31 days to 0.37 at 422 days. The coefficient of variation being 24.7% at 31 days and decreases to 21.3% at 422 days. TEE in MJ/day/kg FFM initially increases from 0.35 at 31 days to 0.43 at 120 days and then starts to level out with a further increase to 0.48 by 422 days. The coefficient of variation is 24.3% at 31 days and decreases to 19.0% at 422 days. There is only a minimal increase in the difference between the 97th and 3rd percentiles with increasing age in both these parameters (ie MJ/day/kg and MJ/day/kg FFM).
Goodness of fit
The w 2 values were 0.75, 1.78, and 0.23 with one degree of freedom for the proportions below the 3rd, 50th and 97th centiles, respectively. All were not significant at the 0.05 level.
Discussion
In this study, we have provided centile data which describe the changes in TEE of healthy infants across the first year of life. TEE increases in a curvilinear relationship across this age range. As energy expenditure is dependent to a large extent on body size, we have also provided standards for TEE expressed relative to BW and FFM. Both these parameters also show an increase with increasing age. All three parameters show a wide variation or biological scatter at any one age. This variation has implications for the assessment of normality whether in research studies or in clinical assessment, and in the application of energy requirements based on group data to calculate individual requirements. A Gaussian or normal distribution in TEE was shown to exist for all age groups and the LMS modeling process showed an L of 1 (equal to a normal distribution) to be the most appropriate fit. Also the w 2 test for goodness of fit showed the model to be robust. The curvilinear relationship seen between TEE and age expressed as MJ/day and Figure 2 Individual data points for TEE in MJ/day/kg plotted against age for infants from 1 to 12 months. Figure 3 Individual data points for TEE in MJ/day/kg FFM plotted against age for infants from 1 to 12 months.
Centile reference charts for total energy expenditure in infants CA Reichman et al MJ/day/kg is supported by the data of Butte et al (2000) , who found a similar curvilinear relationship between 3 and 24 months in a group of healthy infants studied longitudinally.
The TEE values in our study are similar to measurements in infants at similar age groups from other studies in the United Kingdom, Gambia, Mexico, Peru, the Netherlands and the Figure 4 Centile reference curves for the 3rd through 97th percentile for TEE in MJ/day plotted against age for infants from 1 to 12 months. Figure 5 Centile reference curves for the 3rd through 97th percentile for TEE in MJ/day/kg plotted against age for infants from 1 to 12 months.
Centile reference charts for total energy expenditure in infants CA Reichman et al USA (Lucas et al, 1987; Prentice et al, 1988; Roberts et al, 1998; Vasquez-Velasquez, 1988; de Bruin et al, 1998; Stunkard et al, 1999; Butte et al, 2000) . The mean TEE values increased from E0.30 MJ/day/kg at 3 months to E0.34 MJ/ day/kg at 12 months in these studies, and are comparable with the increase from 0.31 to 0.36 seen in this study. The FM of the infants in this study increased to 26% at 6 months of age and fell to 24% at 12 months. These values are comparable to those found by de Bruin et al (1998) using total body electrical conductivity, and are about 2% lower than reported by Butte et al (2000) using 18 O dilution as used in this study. These similarities suggest that our data from healthy infants across the first year of life are representative of a large range of healthy infants worldwide. The large range in TEE observed in this study between the 3rd and 97th percentiles at all ages deserves comment. This large range in TEE levels could suggest that extreme values are due to methodological error. Davies has calculated the precision of the method to be 5% when using the multipoint approach as used in this study . These figures suggest that the variation seen between individuals is probably due to biological differences rather than methodological error. Also, although the number of infants that had measurements of TEE at more than four time points is small, examination of individual data points shows that individuals with low levels of TEE at 6 weeks continue to have low levels across the time span of the study and individuals with high levels continue to have high levels.
It might reasonably be expected that TEE in infants in the first 6 months of life would show less of a variation than in the second 6 months when milestones such as crawling and then walking are reached at different ages in different infants. During the first year of life, it has been shown that as the energy deposited as new tissue decreases from 33 to 3% of metabolizable energy intake, the energy expended in activity increases from 5 to 34% of metabolizable energy intake (Wells & Davies, 1998) . There has been one report in the literature of a positive correlation between activity energy expenditure (AEE) and temperament in 12-week-old infants (Wells & Davies, 1996) , suggesting that variation in TEE seen between individuals might be accounted for by differences in physical activity. Nevertheless, a recent report by Butte et al (2000) found no significant correlation between TEE or AEE and motor skills or temperament at any age from 3 to 24 months. Different temperament questionnaires were used in these two studies that could explain the differences with respect to temperament. More studies are needed in this area. There is a higher coefficient of variation for TEE (20-30%) (Davies, 1996; Butte et al, 2000) than for BMR (10%) (Wells & Davies, 1995) , indicating a greater individual variation in AEE as one might expect.
There has been a growing body of evidence based on TEE measurements in infants using the doubly labeled water technique and estimated values for the energy cost of growth, suggesting that energy requirements for infants Figure 6 Centile reference curves for the 3rd through 97th percentile for TEE in MJ/day/kg FFM plotted against age for infants from 1 to 12 months.
need to be revised (Butte, 1996; Davies, 1998; Butte et al, 2000) . Since energy requirements in this age group were last estimated in 1985 based on data collected some years earlier (World Health Organisation, 1985) , a downward secular trend in energy intakes in infants has been attributed to changes in breast-feeding rates, the formulation of infant formula and timing of food supplementation (Whitehead et al, 1981) . A revision of energy requirements will provide data that are more appropriate for contemporary infants. However, it should be kept in mind that recommendations for energy requirements apply to average group data and therefore have limitations when applied to requirements of an individual. We have demonstrated using a centile reference chart that a wide range occurs in energy expenditure in healthy individuals. In this study, the coefficient of variation seen at any one age group varies from E30% at 1.5 months to E20% at 12 months. Similar coefficients of variation are noted in the review by Davies (1998) and seen in the study by Butte et al (2000) . Energy requirements are calculated from energy expenditure and an allowance for the energy stored as new tissue. Energy expenditure, which includes basal metabolic rate, thermogenesis, the synthetic cost of growth and the energy cost of physical activity, makes the largest contribution to energy requirements. Therefore, in a clinical situation when an individual's energy requirements are being assessed from group requirements to design enteral or parenteral feeds or to assess energy intake, a cautious approach is needed with constant monitoring and readjustment as necessary to tailor-make the individual requirements to take into account the large individual variation.
In conclusion, we have presented centile reference charts for TEE expressed as MJ/day and adjusted for BW and FFM in infants across the first year of life. A large variation or biological scatter is seen at all ages. We suggest that these centile reference charts may be used to assess abnormal energy metabolism in disease states.
The LMS data for TEE in MJ/day, and expressed relative to BW and FFM are available from PSWD.
